This paper deals with suitable antennas for energy harvesting, which is a growing research field due to the utilization of nowadays ubiquitous and abundant RF energy. Four types of basic antenna structures suitable for harvesting applications, namely, the patch antenna, slot antenna, modified inverted F antenna, and dielectric resonator antenna, are compared from the viewpoint of reflection coefficient, efficiency, radiation patterns, and dimensions. The frequencies of interest were chosen so that they cover several main wireless systems operating between 0.8 GHz and 2.6 GHz, that is, GSM, UMTS, and WiFi.
Introduction
The RF energy harvesting refers to the utilization of ubiquitous RF energy transmitted by different wireless systems to remotely feed electronic devices with low-power consumption [1] . Other forms of energy could be harvested instead of RF radiation [2] (i.e., heat, light, and vibrations); however, only RF harvesting is discussed in this paper.
The basic RF harvester architecture includes an antenna followed by a matching circuitry and a rectifier; rectified DC voltage can then be increased using step-up converters or voltage multipliers and accumulated in a battery or a capacitor. Besides low RF power levels, the efficiency of the harvester's electronic circuitry poses major limitation, since it is nonlinear and strongly depends on input power levels [1, 3] . Possible RF energy resources suitable for harvesting comprise mostly the signals of the communication systems like GSM, UMTS, LTE, and WiFi (IEEE 802.11).
The simplest harvesting devices operate over only one frequency band [4] ; narrowband antennas are thus sufficient for harvesting with such circuits. However, in order to accumulate as much energy as possible it is desirable to utilize the ambient RF power of multiple wireless systems. In these scenarios, multiband and wideband antennas become necessary. The RF energy harvesting antenna must satisfy other specific requirements related to its application area.
Due to considerably low-power densities, highly efficient radiators operating at desired frequencies and polarization states with omnidirectional/hemispherical radiation patterns are preferred.
Energy harvesting process (the conversion from RF to DC) itself is not considered in the paper. All antennas are matched to 50-ohm transmission line and not to specific input impedance of harvesting circuits; however, some commercially available RF harvesting circuits [4] have input impedance of 50 ohms. The properties of antennas are evaluated at their input ports; any mismatch between the antenna's input impedance and the harvesting circuitry is not taken into account, as the paper focuses only on the antenna part of the harvesting chain.
The performance of four different antenna concepts suitable for RF energy harvesting is compared in this paper. Three of the antennas represent multiband structures and one wideband structure. Every antenna is described in a separate section of the paper and their performance in terms of input matching and radiation efficiency is compared in common plots.
Section 2 gives a very brief overview of the antenna structures under investigation. Sections 3 to 6 deal with the design and discuss achieved performance of the different antenna types and, finally, the paper is concluded by short summarization in Section 7. 
Antennas for RF Energy Harvesting
As discussed in Introduction, three multiband and one wideband structures are selected and designed and their performance was compared for the purpose of this paper. The multiband structures are patch antenna, fractal slot antenna, and modified inverted F antenna (IFA). On the other hand, bow-tie shaped dielectric resonator antenna (DRA) represents the wideband approach. The photographs of all the manufactured antennas are shown in Figures 1 and 2 . Even though the design process and achieved performance of the antennas are discussed in separate chapters, the direct comparison of the measured frequency responses of the reflection coefficient on the antenna inputs is given in Figure 3 .
Very important parameter of the antennas used in energy harvesting is their radiation efficiency which is related to the losses (dielectric, conducting) and total efficiency, which in addition takes into account the mismatch loss between the antenna and its feed. Simulation results of the total efficiency of the antennas are therefore compared in Figure 4 . The efficiency is a critical parameter in energy harvesting due to very low-power densities of available RF resources.
Multiband Patch Antenna
Nowadays, several papers focus on a planar patch antenna design, which plays a main role in the area of energy harvesting. However, many patch antennas were designed to cover a single frequency band. Specifically, a 377 Ω patch antenna for energy harvesting, which works at downlink range of GSM 900, was described in [5] . A circularly polarized patch antenna was proposed for the same frequency. The antenna uses a partially ground plane for dimension reduction and a defected ground plane with circular slot for suppression of unwanted radiation at harmonic frequencies [6] . On the other hand, several papers are focused on the design of double-band planar patch antennas for energy harvesting. Typically, a patch antenna with additional two slots over this patch was presented in [7] . The antenna works at frequencies 2.1 GHz (3G) and 2.4 GHz (WiFi). Some papers describe antenna arrays for energy harvesting such as 2 × 1 edge-fed quarter wave circularly polarized antenna array presented in [8] as well as a 4 × 4 patch array proposed in [9] . Nevertheless, a four-band planar patch antenna for energy harvesting, which covers the most important frequency bands such as GSM 900, GSM 1800, 3G, and 2.4 GHz WiFi, has not been published yet.
In this section, a four-band planar patch antenna for energy harvesting is discussed. The patch antenna is a good candidate for energy harvesting due to its low weight, ease to manufacture, low profile, and high radiation efficiency. This antenna was designed and simulated in CST Microwave Studio and optimized at four frequency bands. Specifically, the first two ranges are focused on GSM 900 and on GSM 1800. The third band works at frequency of 2.1 GHz, that is, 3G band, and finally the fourth range covers the 2.4 GHz WiFi band. Naturally, the antenna works with the same polarization at all downlink frequency ranges.
As mentioned, the patch antenna works at the four most important frequencies for energy harvesting. The first band, GSM 900, was chosen, where the antenna uses the fundamental mode TM 10 in the area × ( Figure 5 ) and in this band, we can obtain a realized gain of 7.47 dBi and fractional bandwidth 0.75%. The second band is GSM 1800, where the antenna works with the mode TM 20 in the area × . In this case, the realized gain of the antenna is 8.42 dBi and the fractional bandwidth 1.50%. The third band is focused on 3G networks at frequency 2.1 GHz. At this frequency, the antenna works with the higher mode in the area × (mode TM 21 ), where the edged area × plays a dominant role. The realized gain is about 7.72 dBi and the fractional bandwidth is 0.61%. The last important frequency band which was chosen is the WiFi 2.4 GHz. Due to the areas × and the edged area × , the antenna works in this band very well with the realized gain 8.3 dBi; 0.92% fractional bandwidth was achieved. In this case, the main area of the patch, that is, × , resonates with TM 22 mode. The total efficiency is higher than 70% for all the investigated frequency ranges, specifically, 74% in the band GSM 900, 86% in the band GSM 1800, 80% in the 3G band, and 85% in the WiFi band.
The patch antenna was designed on the substrate FloamClad with dielectric constant 1.2 and thickness of the substrate 2.54 mm. The structure of this antenna is shown in Figure 5 and dimensions of the structure are as follows: = 133 mm, = 132 mm, = 60mm, = 62mm, = 19mm, = 7 mm, = 52.5 mm, and = 46 mm.
The simulated and measured copolarization in theplane and the -plane for the bands GSM 900, GSM 1800, 
Double Koch Slot Loop Antenna
In this part, we design a double Koch slot loop antenna, which is equivalent to the electrical monopole according to the duality theorem. The Koch fractal provides the opportunity to prolong the magnetic current line of the antenna. Therefore, we are able to design the antenna with smaller dimensions, while maintaining the same resonant frequency. The antenna structure is optimized to operate at two resonant frequencies 1 = 0.95 GHz and 2 = 2.45 GHz. The antenna is simulated and optimized in CST Microwave Studio. Impedance matching and radiation pattern at two resonant frequencies are the main objectives of the design. We follow the procedure of iterative synthesis of the Koch fractal described in [10] . The procedure allows prolonging the physical length of the designed structure by factor (4/3) , where is the number of the iteration, but the final dimension of the structure is still the same. The designed double slot loop antenna consists of two Koch snowflake shapes created from the third and second iteration of the Koch fractal, respectively (see Figure 10) .
The largest loop [11] resonates at lower frequency 1 = 0.95 GHz and using the third iteration of Koch fractal. The length of this slot loop is given by 1 by a narrow strip of 2 mm width, which plays role of a serial susceptance in the circuit of a magnetic current used for tuning the input impedance of the antenna.
The smaller loop resonates at higher frequency 2 = 2.45 GHz and uses the second iteration of Koch fractal. Length of this slot loop is given by 2 = * (4/3) 2 , where indicates the length of a straight slot, but it is necessary to add small part of larger slot from feeding line to point of both slots connection. Both sides of this slot are incurved in the angle of 14.2 degrees because of connection on the top of the designed structure.
Total size of the antenna is 124 mm × 105 mm. The antenna was designed on the FR4 substrate with relative permittivity = 4.3, dielectric loss tangent approximately tan = 0.02, and height ℎ = 0.762 mm. We followed the procedure of the CPW feed design given in [12] . The prototype of the antenna was completed by a SMA connector.
The measured reflection coefficient of the designed antenna is depicted in Figure 3 . The antenna covers the required bands with very good value of the reflection coefficient and a certain margin.
The radiation patterns were measured in one of the principal planes only due to the limitations of our measurement setup (i.e., the -plane). It was impossible to mount the antenna in the test range in order to measure its -plane. Due to this reason, simulated values are compared with measured ones for the -plane in Figure 11 . 
Modified Dual-Band Inverted F Antenna (IFA)
In recent years, the IFA antenna received particular attention as a promising candidate for decimeter-wave applications due to its simple structure, integration, small size, low profile, and low cost. From the viewpoint of size, the IFA arm covers larger space than a quarter of wavelength. The total antenna efficiency depends mainly on the impedance match between antenna and circuit and on losses in substrate [13, 14] . In IFA antenna, the size of the ground plane affects extensively the antenna performance [15] . The IFA seems a good candidate for energy harvesting due to its compact size, sufficient bandwidth, high efficiency, and relatively straightforward design. In [16] , the first IFA for GSM and WiFi harvesting was presented. However, due to additional capacitor which was required, the antenna design ceased to be that simple.
In the following section, a dual-band IFA operating at both GSM bands is proposed. The design was taken from a classical inverted F antenna, which is used in the majority of mobile devices [15] . This antenna is based on the structure presented in [17] ; a ground plane is placed on the opposite side from the planar metallic elements printed on the top of the substrate. The usage of two independent resonant elements at the desired GSM frequencies can be considered innovational. The top and bottom view of the proposed antenna are depicted in Figure 12 . The antenna is created by 2 rectangular planar stubs placed at the opposite side of the ground plane achieving two fundamental resonant frequencies in both GSM bands: 0.9 GHz (stub with length 1) and 1.8 GHz (stub with length 2). Each individual stub is shorted by a metallic via. The short circuits are located on the left side. A coaxial SMA connector is used for feeding.
The proposed IFA antenna was designed for the GSM bands 0.9 GHz and 1.8 GHz using CST Microwave Studio on the substrate Arlon CuClad 217 with relative permittivity = 2.2, loss tangent tan = 0.0009 defined at 10 GHz, and thickness ℎ = 1.524 mm. The width of the stubs is established for sufficient impedance matching to the coaxial connector. The final dimensions of the proposed IFA antenna are stated in Table 1 .
To verify the designed IFA antenna experimentally, the antenna was fabricated on a thin substrate. The top and bottom view of manufactured antenna with the coaxial connector are shown in Figure 12 .
The measured reflection coefficient of the antenna is depicted in Figure 3 . We can see that the fabricated antenna achieved relatively wide impedance bandwidth in both bands, 13.3% for the lower band and 15% for the higher band. Figure 13 shows the simulated and measured radiation pattern in the -plane ( plane in Figure 12 ) at the frequencies 0.9 GHz and 1.8 GHz. Measurement of the -plane was not possible due to the limitations of our measurement setup. It can be seen that the measured radiation patterns are very similar to the simulated ones. The difference between the illustrated results is probably caused by scanner placement and absorber usage influencing the radiation pattern. Only the copolarized component of the radiation was measured. The realized gain of the measured antenna is 2 dBi at the frequency 0.9 GHz and 3.6 dBi at the frequency 1.8 GHz.
The simulated total efficiency did not drop below 90% in the frequency bands of interest (see Figure 4 ).
Wideband Dielectric Resonator Antenna (DRA)
The dielectric resonator antenna (DRA) [18] concept was selected as another candidate for suitable harvesting antenna. Its main advantages are high radiation efficiency, wideband operation, relatively omnidirectional radiation patterns, and so forth. Due to the size limitations, the antenna was designed to cover the downlink frequency bands of the following systems: GSM 1800 (1.84 GHz), UMTS 2100 (2.145 GHz), and WiFi (2.445 GHz). The required relative bandwidth covering all the mentioned frequencies is approximately 28%. The designed DRA operated in the low order hybrid electromagnetic mode HEM 11 of a cylindrical resonator providing a broadside radiation pattern with relatively low directivity and linear polarization. This mode could be excited by a current probe or by aperture coupling, but the latter method turned out to provide a more stable radiation pattern with frequency when the shape of the resonator was altered. The shape change was necessary in order to International Journal of Antennas and Propagation provide increased bandwidth [19] ; in our case the rectangular notches in the basic cylindrical resonator were carved out, thus resulting in a bow-tie shaped dielectric structure [20] . The resonator was placed above the ground plane and by changing the size of the ground plane, the radiation pattern could be further modified: that is, two maxima in one of the principal planes were obtainable. This seemed to be another interesting property of the DRA antenna for energy harvesting applications. The DRA was constructed by stacking up etched layers of microwave substrate Arlon AR600 with height ℎ = 1.575 mm, relative permittivity = 6.15, and loss tangent tan = 0.003. The individual layers of the substrate were kept together with double sided duct tape (50 m thickness, ≈ 3). In the design stage, the height of the resonator had to be an integer multiple of the available substrate thickness.
In order to keep the dimensions of the DRA relatively small and at the same time obtain desired bandwidth, the height of the resonator was selected to be 25.2 mm (i.e., 16 layers of substrate). The structure was optimized by varying three main parameters: diameter of the resonator, notch size, and aperture size.
The measured reflection coefficient of the antenna is compared with the other antenna elements in Figure 3 . Simulation results of the radiation patterns were verified by measurements at three frequencies of interest 1.84 GHz, 2.145 GHz, and 2.445 GHz and the results are displayed in Figures 15, 16 , and 17. Only the copolarized component was measured and it corresponds to the vertical polarization (plane including apexes of notches − plane in Figure 14) . The -plane corresponds to the plane and -plane to the plane according to Figure 14 . The simulated radiation efficiency of the antenna was above 96% in the whole band of interest. The final dimensions of the antenna are given in Table 2 .
RF Measurement
In order to determine the available RF energy, all types of proposed antennas for energy harvesting were used. Spectral measurements were taken from 13:00 to 14:00, during working day on September 2015 in the campus of Brno University of Technology (Brno, Czech Republic) using the R&S5FSH handheld spectrum analyzer and described antennas. All of the measurements were carried out indoors (see Figure 19) ; hence, considerable high power values in WiFi band were obtained. For connection between antennas and spectrum analyzer, cables with nominal attenuation 0.1 dB were used. The measurement setup is depicted in Figure 18 . During the measurements the antennas were rotated in all the angles of azimuth and elevation and the spectrum analyzer was set to "max hold" to ensure that the maximum instantaneous power level inside the band of interest was captured for particular Figure 18 : Block diagram of the measurement setup. All the described antennas were connected to the spectrum analyzer sequentially.
location. The power levels were measured in frequency bands according to Table 3 .
Finally, GSM 900, GSM 1800, 3G, and WiFi (see Table 3 and Figure 20 ) are main candidates for sources of RF energy. Mentioned sources are practically available in most territories in Europe and they are dependent on atmospheric conditions, user traffic, and distance between the transmitter and user location. Therefore, practically utilizable power levels in GSM and 3G systems are limited. For indoor applications, powering through 2.4 GHz WiFi network seems to be most suitable.
Conclusion
A very important component of every harvesting device is the antenna for which its performance has direct impact on the efficiency of the whole harvester; hence, the selection and proper antenna design must be approached with particular care.
Four different well-known antenna elements were studied in this paper and their suitability for harvesting applications was discussed and compared. The paper focused on three multiband antennas, namely, the patch antenna, the fractal slot antenna, and the modified inverted F antenna, and on the dielectric resonator antenna as a representative of wideband antennas. The antenna structures provided omnidirectional or hemispherical radiation patterns with high radiation efficiencies at frequencies of interest. Sufficient bandwidth in terms of input impedance matching was achieved as well.
All the structures under investigation proved to be quite promising for their utilization in RF energy harvesting. Nevertheless, further miniaturization of these basic antenna concepts is paramount if they are to be incorporated into compact devices such as sensor nodes or mobile/wearable electronics. Preservation of high radiation efficiency of these antennas when undergoing miniaturization will probably be the major challenge that must be resolved. 
